Activation of the P2X7 receptor leads to a rapid, bidirectional flux of cations, causing broad range of biological responses including cytotoxicity. However, the mechanism of P2X7-mediated cytotoxicity remains largely unexplored. In our previous study, the lack of P2X7-mediated calcium response under normal conditions was found in P2X7 1 hematopoietic cell lines. In this study, the P2X7-mediated cytotoxicity in different type of cells (P2X7
Introduction
The P2X7 receptor is a member of the P2X receptor family, which functions as an adenosine 5 0 -triphosphate (ATP)-gated ion channel in excitable tissues and hematopoietic-derived immune cells [1] . The natural agonist of P2X7 receptor is ATP, but 2 0 ,3 0 -O-(4 benzoylbenzoyl)-ATP (BzATP), a synthetic, P2X7 selective agonist, which is a more potent agonist than ATP. Upon stimulation of agonist, the P2X7 receptor facilitates a rapid, bidirectional flux of cations, thereby triggering depolarization, collapse of the Na þ and K þ gradients, and massive influx of Ca 2þ . Furthermore, continued activation of the P2X7 allows the formation of large, non-specific pores, allowing cell membrane permeable to large molecules up to 900 Da [2] .
ATP has been shown to be growth inhibitory or cytotoxic for several mammalian cell lines such as transformed mouse leukemia cells [3] , as well as in human cell lines such as leukemia cells [4] . Agonists of P2X7 receptor can induce cell death in the immune system, including thymocytes, T cells, macrophages, monocytes, and dendritic cells. Both necrotic [5] and apoptotic [6, 7] cell death were proposed. Indeed, apoptotic as well as necrotic cell death patterns have been observed after treatment with ATP in several murine and human cell lines [8 -10] .
We have previously reported the expression and calcium response of the P2X7 receptor in a panel of hematopoietic cell lines. P2X7 þ cell lines, such as KG1a and J6-1, and P2X7 2 cell lines, such as Ramos, were identified at both mRNA and protein levels. Furthermore, lack of calcium response under normal conditions was found in J6-1, LCL and Namalva cell lines, which were P2X7-positive [11] . In the present study, we investigated whether the activation of P2X7 resulted in the inhibition of cell proliferation and induction of cell apoptosis in these cells.
Materials and Methods
Drugs and reagents ATP, BzATP, D-glucose, bovine serum albumin, Yo-Pro-1,
, and 3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were purchased from Sigma (St Louis, MO, USA). Annexin-V-FITC apoptosis detection kit was purchased from BD Company (Franklin Lakes, NJ, USA).
Cell culture
KG1a and Ramos cells were obtained from the Cell Bank of Chinese Academy of Sciences (Shanghai, China). Human leukemia cell line J6-1 was established in our own laboratory and its characteristics and subculture conditions were described previously [12] . KG1a and Ramos cells were maintained in RPMI 1640 medium supplemented with 10% fetal calf serum, glutamine (2 mM), penicillin (100 U/ml), and streptomycin (100 mg/ml), at 378C in humidified air with 5% carbon dioxide.
Assay of cell viability
Cell viability was determined the by MTT method. Cells were plated in 96-well culture plates in triplicate at a density of 1 Â 10 5 per well and cultured at 378C for 24 h. After exposure to different concentrations of agonists, ATP or BzATP, cells were cultured for additional 20 h. Then, cells were incubated with MTT for 4 h. Finally, cells were lysed in DMSO and the absorbance at 546 nm was measured with a microplate reader. In blocking experiments, cells were treated with the antagonists of P2X7, KN-62, and oATP, 1 h prior to the treatment of agonists. Blank control samples were also set when cells were without agonist or antagonist treatment. Viability was calculated by the following formula:
Cell viabilityð%Þ ¼ experimental absorbanceÀbackground absorbance control absorbanceÀbackground absorbance Â100
Detection of phosphatidylserine externalization on cell membrane To detect the early membrane changes of apoptosis, the annexin-V-FITC apoptosis staining kit was used for flow cytometric detection of phosphatidylserine externalization on the outside of the cell membrane according to the manufacturer's instruction. In brief, cells were washed with annexin-binding buffer and incubated with binding buffer containing 0.25 mg/ml of FITC-annexin-V and 10 mM propidium iodide (PI) for 15 min at room temperature. At least 10,000 cells were analyzed by flow cytometry (FACScan; BD Company) and apoptotic cells were assessed as FITC-positive and PI-negative cells.
Morphological analysis
Following treatment with agonists, microscopic analysis of cells was performed under a phase-contrast microscope. Apoptotic cells were identified using morphological criteria, including condensation of nuclei and shrinkage of cytoplasm [13] .
Yo-Pro-1 uptake P2X7 receptor-mediated pore formation was detected by Yo-Pro-1 uptake experiment [14] with minor modifications. Cells were suspended at 1 2 2 Â 10 6 cells/ml in sucrose buffer (280 mM sucrose, 5 mM KCl, 0.5 mM CaCl 2 , 10 mM glucose, 5 mM NMDG, and 10 mM HEPES, pH 7.4) containing 10 mM Yo-Pro-1. Then cells were transferred into a 10 Â 10-mm quartz cuvette placed in the thermostat-regulated sample chamber of a dual-excitation beam spectrofluorometer (F-4500; Hitachi, Tokyo, Japan). Cells were continuously stirred with a circular stir at 378C and the fluorescence at 509 nm was continuously monitored when excited at 490 nm. Cells were stimulated with agonists. About 5 min after the stimulation, experiments were ended by the addition of excessive digitonin to cell suspension to obtain maximal fluorescence. Yo-Pro-1 uptake experiment was also performed when cells were suspended in serum-free culture media (RPMI 1640), Locke's solution (154 mM NaCl, 5.6 mM KCl, 2.2 mM CaCl 2 , 1.2 mM MgCl 2 , 10 mM glucose, and 5 mM HEPES, pH 7.4), low-divalent buffer (147 mM NaCl, 2 mM KCl, 0.1 mM CaCl 2 , 10 mM glucose, and 10 mM HEPES, pH 7.4), and low-divalent sucrose buffer (280 mM sucrose, 5 mM KCl, 0.1 mM CaCl 2 , 10 mM glucose, 5 mM NMDG, and 10 mM HEPES, pH 7.4).
Statistical analysis
All data are expressed as the mean + SD. The assessment of differences was completed using Student's t-test All analyses were performed using the SPSS software package (SPSS, Chicago, IL, USA). Differences were considered significant at P , 0.05.
Results
Effect of ATP on the viability of cell lines of hematopoietic origin To examine the cytotoxic effects of P2X7 receptor agonists ATP on cell lines of hematopoietic origin, cell proliferation was assessed by the MTT method. Five cell lines were included in this experiment, among which KG1a was P2X7-positive and calcium response-positive, Ramos was P2X7-negative and calcium responsenegative, while the remaining three cell lines were P2X7-positive but calcium response-negative [11] . In a preliminary study, time-dependent effect could be observed showing that cell viability decreased when cells were exposed to ATP for longer time (data not shown). We chose 24 h to test the effect of ATP. Although ATP was a stimulator of both P2X and P2Y family receptors, the threshold of ATP concentration (!1 mM) needed for P2X7 receptor activation was higher than that of other P2 receptors [15, 16] . The treatment of cells with 0.1 mM ATP could not cause obvious cell viability decrease, whereas higher concentrations (!1 mM) of ATP led to cell viability decrease in all four P2X7-positive cell lines tested. Moreover, no significant decrease in cell viability could be observed when Ramos cells, which were negative for P2X7 [11] , were treated with 1 or 5 mM ATP. The above results suggested that the cytotoxic effects were mediated by P2X7 receptor (Table 1) . However, KG1a cells were more sensitive to ATP than J6-1, LCL, and Namalva cells. More than 40% decrease in cell viability could be observed when KG1a cells were treated with 1 mM ATP, whereas the same effects could be detected when J6-1, LCL, and Namalva cells were treated with 5 mM or higher concentrations of ATP.
Effect of BzATP on the viability of leukemia cell
To further confirm that the effect was mediated by P2X7, we also treated J6-1 and KG1a cells with BzATP, the most potent agonist of P2X7. Similar results on cell viability could be observed, i.e. low effect could be observed in J6-1 cells when compared with KG1a cells when cells were treated with 100 mM BzATP. However, 24 h after the application of 300 mM BzATP, the decrease in cell viability was observed at 42.9% in J6-1 cells, while at 49.3% in KG1a cells when compared with cells without agonist treatment. Furthermore, the treatment with BzATP could not decrease the cell viability in Ramos cells. These results suggested that agonists used in our experiment could induce cell death by activation of P2X7 receptor ( Table 2) .
Effects of P2X7 antagonists on the decrease in cell viability induced by ATP and BzATP The above results suggested that activation of P2X7 led to the decrease in cell viability. To further confirm that the effect was mediated by P2X7, we tested whether antagonists of P2X7 could block the effect. Currently, there are few pharmacological blockers of the P2X7 receptor. The most potent one is KN-62, an isoquinoline derivative. Another frequently used antagonist is an ATP analog, oATP, which is less potent but more suitable for long-term studies on cell proliferation than KN-62. The oATP covalently alkylates and thus irreversibly blocks P2X7. We used both KN-62 and oATP to detect whether they could block ATP-and BzATP-induced decrease in viability in KG1a and J6-1 cells. The results showed that the pretreatment of an optimal concentration of 300 mM oATP or 3 mM KN-62 could completely inhibit the reduction in cell viability by 1 mM ATP [ Fig. 1(A,C) ] in KG1a and J6-1 cells. Furthermore, both treatments could block the effect of 300 mM BzATP [ Fig. 1(B,D) ] in the above two cell lines. Since both treatments are known to block P2X7 activation, these results directly demonstrated that activation of P2X7 receptor led to the decrease in cell viability in KG1a and J6-1 cells.
Activation of P2X7 receptor-induced apoptosis in leukemia cells
As we have demonstrated that the activation of P2X7 resulted in the decrease in cell viability in leukemia cells, we further analyzed whether induction of apoptosis was involved in this process. The exposure of phosphatidylserine on the outside of the cell membrane has been reported as a marker of early apoptosis. An externalization of phosphatidylserine on the membrane of J6-1 cells was studied by flow cytometry using FITC-labeled annexin V, which has a high and selective affinity for phosphatidylserine. Compared with control cells without agonist treatment, treatment of J6-1 cells with either 5 mM ATP or 300 mM BzATP resulted in a significant increase in externalization of phosphatidylserine (Fig. 2) . In control samples, there were $5% annexin-V þ PI 2 cells. One hour after J6-1 cells were exposed to ATP or BzATP, annexin-V þ PI 2 cells were only 7.55% and 10.37%, respectively. However, 24 h after J6-1 cells were exposed to ATP or BzATP, annexin-V þ PI 2 cells reached 38.47% and 47.88%, respectively. These results showed that phosphatidylserine translocation to the surface induced by the activation of P2X7 receptor occurred as early as 1 h after exposure to ATP or BzATP in J6-1 cells, confirming a role of this receptor in apoptosis.
Treatment of BzATP resulted in morphological changes in leukemia cells
Morphologically, apoptotic cells are small compared with necrotic cells, which are bigger because of rapid cell pro-swelling and lysis. Shrinkage of cell, loss of normal intercellular contacts, and condensation of nuclei characterize cells undergoing apoptosis. Microscopic analysis was performed 24 h after KG1a and J6-1 cells were treated with 300 mM BzATP. The results showed that there were fewer apoptotic cells in the control cells, whereas considerable amount of shrinkage and small cells could be observed in the BzATP-treated cells. A typical result of J6-1 cells is shown in Fig. 3 . These observations suggested that the activation of P2X7 receptor could induce apoptotic cell death in leukemia cells.
P2X7 receptor-mediated pore formation in leukemia cells
To study the channel dilation of P2X7 receptor under the agonist stimulation, Yo-Pro-1 accumulation experiments were carried out when KG1a, J6-1, and Ramos cells were kept in different mediums. Yo-Pro-1 uptake could not be detected when cells were kept in serum-free RPMI 1640 medium or Locke's solution, which was commonly used in intracellular calcium analysis [17] . To our surprise, no typical Yo-Pro-1 uptake result could be recorded when KG1a and J6-1 cells were kept in lowdivalent buffer, which was commonly used in P2X7 pore formation experiment. However, when cells were kept in sucrose buffer, which was low-ionic strength, after the treatment of 300 mM BzATP, the increase in Yo-Pro-1 fluorescence could be observed in KG1a and J6-1 cells, which were P2X7-positive, but not in Ramos cells, which were P2X7-negative (Fig. 4) . Moreover, the increase in Yo-Pro-1 fluorescence could also be recorded upon stimulation in KG1a and J6-1 cells but not in Ramos cells when cells were kept in low-divalent sucrose buffer (data not shown). These results indicated that large pores were formed at least in some P2X7 þ leukemia cells by prolonged application of agonist and could be detected under low-ionic strength conditions.
Discussion
The P2X7 receptor is expressed in many different cell types including hematopoietic cells, in which its activation can stimulate proliferation [18] , or cause cell death by either necrosis or apoptosis [19, 20] . However, whether this receptor can induce leukemia cell death and the mechanism(s) are still poorly understood. We previously reported that the expression pattern of P2X7 receptor in a panel of hematopoietic cell lines. RT-PCR and flow cytometry analysis confirmed the presence of P2X7 mRNA and protein in KG1a and J6-1 cells, not in Ramos cells [11] . Furthermore, stimulation of P2X7 receptor by its agonists, ATP or BzATP, could induce [Ca 2þ ] i increase in KG1a cells but not in Ramos cells. However, P2X7
þ J6-1 cells showed no calcium response upon BzATP or ATP stimulation. Activation of P2X7 receptors gives rise to Ca 2þ transients that are due predominantly to Ca 2þ influx via the cation-selective channel of the receptor. These results suggested that P2X7 was functional in KG1a cells but non-functional at least on calcium response in J6-1 cells. Whether other functions of P2X7 receptor in J6-1 cells are absent is unclear.
In this study, we examined the potential cytotoxic role of P2X7 receptor on KG1a and J6-1 leukemia cells. Following exposure to the P2X7 receptor agonists, the decrease in cell viability in P2X7 receptor-positive cells was observed. Apoptotic cell death was triggered through the activation of P2X7 receptor pathway than other P2 family members because of the following reasons [21] [22] [23] [24] [25] : (i) the cytotoxic effect was observed only at higher ATP concentrations, which was necessary for P2X7 activation; (ii) the most potent agonist of P2X7, BzATP, could cause similar cytotoxic effect; (iii) oATP and KN-62, P2X7 receptor antagonists, could abrogate cell death in response to agonists; (iv) either ATP or BzATP failed to induce cell death in Ramos cells that lack P2X7 receptor expression; (v) exposure of phosphatidylserine on the outside of cell membrane was detected after BzATP treatment; (vi) morphological changes of apoptotic cells could be observed in agonisttreated cells; (vii) Pelegrin and Surprenant recently described pannexin-1 that functions as a hemi-channel when ectopically expressed, and showed that signaling through pannexin-1 is required for processing of caspase-1 induced by P2X7 receptor activation. Hence, we concluded that cell growth inhibition in KG1a and J6-1 cells by extracellular ATP and BzATP was mainly mediated by P2X7 receptor through induction of apoptosis.
The cytotoxic effect of ATP was dose-dependent. Higher concentrations of ATP resulted in higher cytotoxic effects not only in KG1a cells but also in J6-1 cells. However, KG1a cells were more sensitive to agonists than J6-1 cells. The inhibition rate on J6-1 cells when treated with 5 mM ATP was comparable to that on KG1a cells treated with 1 mM ATP. Similar results were obtained when cells were treated with BzATP. Nevertheless, no increase in intracellular free calcium could be observed when J6-1 cells were stimulated with 1 mM ATP or 100 mM BzATP [18] , even with higher concentrations of these agonists (i.e. 5 mM ATP or 300 mM BzATP). These results demonstrated that at least in J6-1 cells, ATP-induced apoptosis is independent of a rise in intracellular free calcium concentration, which suggested that apoptosis was induced by P2X7 agonist through other pathways independent of calcium, such as ICE activation [21] and K þ efflux [22] , etc.
Seetulsingh-Goorah and Stewart [23] suggested that neither Ca 2þ influx nor increases intracellular Ca 2þ concentrations are factors in ATP-induced growth inhibition in HL-60 cells. Smart et al. [26] showed that C-terminal deletion at residue 360 of P2X7 receptor stopped Ca 2þ transients (influx), channel, and pore function of the channel, most probably because the receptor did not get to the membrane. Furthermore, it was reported that P2X7 receptor activated extracellular signal-regulated kinases ERK1 and ERK2 independently of Ca 2þ influx [27] . The effective of P2X7 receptor agonist concentration depends on the amount of divalent cations like Mg 2þ and Ca 2þ [28] . The P2X7 receptor-mediated [Ca 2þ ] i increase is also dependent on the membrane potential since the P2X7 receptor current also depolarizes the cell membrane via Na þ influx and the Ca 2þ increasing effect is also dependent on the expression of membrane potential-stabilizing ion channels, like K þ channels [29] . Thus, taken together, different parts of the receptor contribute to the Ca 2þ -influx property and other biological properties.
The formation of a large cytolytic pore following P2X7 receptor activation has been observed in several cell types, suggesting that opening of the pore is a further conformational change of the P2X7 receptor [30, 31] . One possible mechanism of P2X7-mediated cell death has been proposed dependent on the formation of the cytolytic pore [32] . Our results indicated that detectable pore formation could be observed in P2X7-positive KG1a and J6-1 cells but not in P2X7-negative Ramos cells. Furthermore, pore formation could only be detected under low-ionic strength conditions but not under other conditions, including the low-divalent conditions, under which pore formation of P2X7 receptor could be recorded. It seems to be contradiction that J6-1 cells has no P2X7-mediated calcium response but can form large non-selective pores. However, whether pore formation of P2X7 occurs under normal conditions remains unclear. One possibility is that pore formation occurs but cannot be recorded by the experiment because the rapid bidirectional flux of cations changes membrane potential that hinders the entry of large molecules. Another possibility is that no pore formation occurs under normal conditions, under which induction of apoptosis could be detected. Hence, although large cytolytic pore formation is the unique characteristics of P2X7 among the P2 receptors, whether P2X7-mediated apoptosis in leukemia cells is the result of the pore formation needs further verification. Furthermore, at present, it has not been fully elucidated whether cell death, which occurred over several hours, is only related to the almost immediate changes in membrane ion permeability, and long lasting, very small increases in intracellular Ca 2þ , which may escape the fluorimetric [Ca 2þ ] i measurements, may also induce cell death. Fig. 4 Effects of BzATP on P2X7-mediated pore formation in leukemia cells KG1a (A), J6-1 (B), and Ramos (C) cells were suspended in sucrose buffer containing 10 mM Yo-Pro-1. Fluorescence at 509 nm was recorded by dual-excitation beam spectrofluorometer (F-4500; Hitachi) when excited at 490 nm. The time points of the addition of 300 mM BzATP and excessive digitonin were indicated by arrows.
